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CVD SYMTHESia OF C^ARBOy JIAK-OTlffiES 

The present Invent xon velates to TsechOvis* of eyntft&s::^ oi: 
carbon nanoparticles^ and to the carbon nanoparw^cies ch^s 
5 produced. 

Carbon nanop&rticles have received a great deal cf 
a::tention since ths discovery ot the Cgs buck^inscerful lerene 
mclec-e:r Krctr- J. Heath, C. 0'Br:ten, R. F. Cur: 

,,VKi \ ^ ■■ . ^ V . :> } 5.V K lyS;>; > &nd the carbon 

10 ,r. t.. - ."\. '^.vi^. '-5 (:«xJl>). Carbon 




15 (fe^s' Tta iJiHiuruO of t •^5»< T-sbcrrlai i>y fCxasU' m^i ' ==>^ ^ 
Kra^sc'hTssej. , L, I), barruj, Fostiropoulos a-.l H.;t,jrr«n 
isfatu-re 34'?.? 354. ^1350) ) us xn0 a high pressura arc discharge 
method - 

The re.marl?abls ssechaaxcai and electronic pr.-^p.irt;;sy 
20 exhibited by carbon mnotvibes have encouraged efforts to 
develop mass production techniques. As a res\ilt, carbon 
nanouubes are becoming increasingly available, and. more 
atteatioft from boch academa and iadutstry focused on the 
application of carbon sianofubes in bulk quantities. Thesa 
25 oppor-unites include the usse o£ carbon riarictubee as a 

cr-s"Uv* o 1x:iL 3.nsu.atinn poiyfrer na-r.-^or, 9^ d -.^^ 

applicaticris exploit the sise of carbon nariotubes as a 
teriiplai:e to srow ncUio~sisi;ed, and hence ultra-high surface-to- 



volu!r>e ratiOj catcdysts or aim to combiae carbon nanct-abss to 

fn.ier in jnosu, lar-^e-yoale sv.ruar.ural and eL-5Ci:.:f;.ica I 

applications. Pre5;£::ru.ly . several iT;dust.rj.al a.ad govern-;«^nt.al 
projects are underv<.'3y ':.o mass: procK;.c-e ,-x?avera'. k : c.crv.riUr. c£ 
single and fsulti-walied carboj: nanorubes si's a cost --erv&cti. ve 
nsaniier. For example, the National r.u;uv cf Mai'-erials and 

Cbemieal Research miS^CR) aad Showa Denko K. K. in Japan 
recently announced a project to develop a msss-prod\:ction 
utefchod to produce several huudreid kilograms of nano cubes per 
day. 

Carbon nanot ubes have bsen p^-odaced previously mir.g 
■vario'us approaches iacsltsding the iaser or arq-discharge 
ablation of a <3sirbdn/ catalyst: mixture target , 

For larger scale synthesis, the TROst projiaislng aiathods 
have been based on chetalcal vapour depoeition {CVD) , CVD 
cypicaliy uses a cheap feedstock, and has relatively low 
ensrgy reqairement^, and has therefore attracted interest for 
ths purposes of bulk, synthesis. In CVD siethods, a carbon 
cc-ntainivKi QiEiO is deccrr:v:::i:w'.x teraperatnres ux^d~r r.hs 

in.fluence of a ■f.jaeiy div.Ided ca-aiyst (usixsally iron, nickel,- 

al., Carbon 39 {2001) $47-5Sa? WOOO/ 17:; o:> ; MOuO/v.v^05) . .-^or 
the grovth of small nanotubes and sl-B«le-w.3lled nano;:ui>es i.n 



3 



re<TUired - 



to a tlow ox. reaccajxu gas. 

^i- i <, -) -^"k- s-t 5 s * ~ e >, 

centre of a a-e a-'d <a hon co^'^taj.n^-^.-^ ai^s t>sBB<=,d 

d\££e3:c it Tetd''*s ^^uppoxted o^n si"-ca wslt.ri3.iia n-^j^eso-O; 

gurBac«» U *5 fi^'so -'tfcst^d tMt ".x** netal oataiyi „c 
partxtjl&s TOSV coBtmuousiy fed to trse itarnaqe- 

j'cinLV catj..,y<at ptec«i.!sOi,3 kmvs?r> ■< ^po ait art, j.> a^i-ii'' y 

n i 4*1 "1 MOi ^4 <^ ISC ^O^' iO> 



hydrogen J , 
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SttJ C y - "^'^ '~' i 1 u K -iT- t >" j,w X„ ^^X C 

extent; of *-he prodi-ction. o£ tult -waL^-^^a i«nOwjbes ^* 
prefcience to sind^, w«iiloi u orub<a. ani tho co.it rol of 

materia^ {t ^'P-.calli abou*- l n-> Mairtax^x^a -eqair-d 

sabstratcs to act v g« a cars-iej, futc i 1 s^taoilise the 

s o<. -<="d <-<noi„ i-^^t* (. es xriox. to *^s« xn. tne rano ubcs 
^ IS o-r*^ c ^■"•^< ard e-^p m- ^ve iivclvntq f'>" 



parfclclas are growing, the tisne at which t.hey initiate 
nanotubs growth vnay be cz'itic-a?i. . 

Be-""- US"- t;.o n^.c".eation sites are formed in. sicu frotn 
.hiaividU'il Ni ai;:o;na and ooxpri.r-e only a few atoms {2 to 5 

size of r.he faicleiitiuo -'p-art iclvj" , or ^:)f tV.e s of the 
fin.-ii ..:.-^--.uIv".":^;: ^:lu.r>S-.er? , Thece 3.;:i ror.r.rol l-.sa t:«n\platlng 

Ir- a f.lrst aspect, the present Irxvention provia-is a 
method of production of carbon nanopartic'les, cosr^prising the 
steps of 5 

providixig on substrate particles a t;rarisition metal 
coiTipotind which is decomposable to yield the transition 
jtistal uader conditions pera?ittxng carbon nanoparticle 
formation; 

eontactirsg a gaseous carboe. soui-qe with the substraca 
particles; 

before, during or sfter the cont-acting step, decomposiag 
thi& transition metal nosspownd to yisid the transition 
s^etal on the substrate particles and forming carbon 
nanoparticlea by decor«position of the carbon ^source 
fiatalysetS hy the traiisitxon jsetai; 

ccl'Lecfcliivj •-he carbr-n JianoparticA-sft forr,'ed, 

ox transition nvu-.al coTqjouads may be used, and in this csr>3 
the difeersnt trans! t.ioa tnetal compo'ands niay contain 
different metsillc eleiffisnts. 
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m "Prc^pA rat cn, 0*" r ct<.r ana Pertoi;'\ ar co c 

J, i09S, 4 „2C7 ^i^i'-e Dx^t.ct<,c Su -^a"f Berx- atidv, txor o*, 
MCT 41 U ' of '^'^ I-J^ a'-d MuKc""^'^ Rrccg j-ti-^' to)- 
Dete^xr.ina the Pob^l-.on or FuncL^cnaixtv x x^hm Mes? ^porcus 



r-r^is^cjnneysr, B. F. Q. Johnson, E- Eeil, So:ieno«, 1958., 280, 
Pv'sferably, the trainsitioti tsetal is nickel, iron 

jDast , t.jr.-r:is3iL- „on meif-al conpounsd:-.- -.u^^ja .." -h-U? inv-i-nv.ion -jucl-) 
as forT.ata ox oxalates sre deco^v^poyab.'.o r.ho t;v;^"..=il o>- 
heacing without reduction, e.g- utiCu-r a no;5- . ed.icing 
atmosphere. 

3;:Q Stsltabis carbon-cont-aining compounds for ^^se as the carbon 
source include; carbon monoxide snd hydrocarbons, including 
aromatic hydrocarbons, e.g, benzens, toluesi©, xylene, curaer.e, 
otbyibejia^na, naphthalene, non-aromabic hydrocarbons, 
matbars®, ethane, propane, butane, psntasae, bexane,: 

IS cyclohejcana, ethylene, propylexie or acetylene, and oxygen- 
containing hydrocarbons, e.g. formaldehyde, acet aldehyde, 
acetone, methanol or ethanol, or a mijiture of two or more 
tlK^reof. , In preferred etfibodiments, the carbon- containing 
cc-'^xov^ni is carbon Tsonosci da (CO), msjthaBs, ethylene or 

20 acst ylens . 

Pvef f:t-.=5bl^% 5- he qaj^fious Cs^rbon soxiz"ce is passed over the 

r-eactXon but whio;; :o3.ay a ^-c. -ci-b , r,--.i?. ,oy 

x-eacting with arrsoxpUOv^y waibon : ^. :c i.t:K\-^ l-^y- 
product) and so keepisi^ reaction sinea on l;he CviCS.: V-''-- 
30 clean and available -tor nanotijhse £ortnacion. 



GaseB in;:;y iriixed with ths carbon source Include 

arqoa. hydroaen. nibrocjen, am^nonia, carbon dioxide or helium- 

Prsrerri-d gas prerusuriet? for the gaseous carbon sous-ce 
and Gptlonal dilu;;:;ot are; fro;r. 0,1 to SO bar A,, preferafoly 
5 frora 0,5 5 ba.?;- A, civ-ir-? pref ■-irsi.oly 1 to 2 bar >\. The 

gasecnis effluent: .?ro;r; trie i:Liri>=;;c-5 m.sy be recycled., with, or 

T,he substrate pa:^:i: Ic.l.es are preferably a isut^ipendsd 
finely divided sub:?t-.r.3te mai-.erial. In the sT5o«t: 

10 straightforward case, the subsLs'ate particle-- are siirply 
finely gTO=iiid . powders , for example oxidm? pa- r.icle.Ts or 
silicate particles such as ssilica, aXuttuaa, C&SKlx, calcium 
oatide and/or tnagsasaarr^ ojcida^ Fitter mfeex-ials such as. gels 
and &&ro§elB may be ganarated by a range of fsjethods known to 

IS those skilled ixi the art, auch as fuming, colloidal 

processaing. spray-drying, hydrot hernial processing and so on. 
Particular benefit for the production o£ nanotubes may ba 
derived by using structured substrate particles, particularly 
mesoporous silicas, anodiaed elumina meitsbranes, or seolites, 

20 These materials have channels of sitBilar ditrsensions to 
nanotubes, and aav. further guide both the deposition of 
catalysfc and sYntVies-is cr nanotubes.^ 

Tbe fifviriy n.:.^'.-.-.ie ,1 ,-r.;bstrale particles preferably have a 
yi::e not siTialXer t.han. I xil?\,- r^oh Isss tlian ?:< nvn. Tjiriy 




Pre.v:erably, the transition asetal componrva J.a deccrapc^se:: by 
heating, for example by heatifts to a terTiperat;ure be-.:«^;an 200 
»C arid lOOO^'C, more px-eferably beiiween GOO^C and lOOO-'C, To 
30 stits'.ulata decoirtpositio-a of the catalyst precursor raaterial. 



an additiojial en.ergy soiirce {over and above the tenvperciture 
of f',sr.nace) may be ioc-alXy .spplied. The source tnust be 

able to penetraiie i.lu? .UMidcd ;r.;.-:c;r.-.r.=it-- powder, SxicJi a source 

an xr-r,e.ri3e ricr-"Col-:e.v-ert liohc. source such as xl:-.5sh 
discharg-tj larsp, Prer erabro/,- r.:.£ li^ht. :i;o;.!.f:ce i.s an 
ultraviolet light source. Al"v,;;r.;i-: v, ^-.Vie .sddiiJ-onai 
energy source tnay be a plasma diijcharae or an arc discharge 
formed in the presence of the catalyst precursor material , 

Pr®£erai:sly, the carbon nanoparticI«s are carbon nanot\jbes. 
More prefersibly, the carbon Tianotx;ibes are single walled 
carboxi nanptxibes , 

Preferablyv the tnethod farther comprises the initial step 
of isapregnating the substrata particles with the transition 
metal compound. More preferablY> where s transition mstal 
salt is uaedr impregaatlon is achieved using a solution of 
the transition metal salt.: 

Preferably, r.he tuethod is coT5tixiuouiS . In this case, the 
TTietbod ;ra:Y cc-viprise the steps of i 

contrnuousiy providing st.jbstrate pasrticles; 

r.luidisAng the substrate particles with a eiow of gaseoxis 

continuGUfiily providing substrate part.lcles tc; an \;pper 
part of an inclined surface; 

contacting the Bubstrate particles ori the ixic.iined 
surface with a flow of gaseous carbon source; 



heating the transxticn nietal cosnpovrnd on the stibstrat?-: 
particles; and 

col"xecv.:;--;c:5 cavbcr. i\Nri.oparti.cies £orir«d from a lowex pai't of 

jn a s'-ooa.; afiroct , uhe ye- -end i.a\'enr. lea relates to a 
me"hod oi c-roc^vc-. ir.T. or r u-bon 3^anop-.n^t.;.c-.eu;, ccrrp->- rising the 

prcvicung or, ^;ulv,traL.r p-irt s cLo*; "iant--: r ; P^-ts.: 
oxalate, formaue or raulti mer^al ar. ,x , .."-.vl: 
heating t:.he transition jnetai ox^s^te, forr,ate or mvuti 
nistal atom earbonyi on the substrate particles? 
contacting a ga^eoiis carbon source t^jith the aub^trar.e 
particles:? md 

collectiiig the carbon nanoparticles formed. 
The features? described in connection with the first aspect ot 
thB invention Tnay also bs ueed in connection with the second 
aspect ol the invention. In a particniarly preferred 
v>rbrainor.t ol the second aspect of the invention, the 
tr =»'-*^.t .ca t?-tal oxalate, fo-rm&te or mnlti mecal atom 
ca^^x-^-v; s uiokel forsr^te and the enfostrate particles 
coto^riae sxj-ica .. 

- present invention relates to 
, . - ^ a by a ■v.ethod as described above. 

t NO • v;iir.. :,,Lzl'^rr >a'-'. x ^-"l by the 
Ic"^ "<.v/i-.- i.o.t l.nitirsg e:<A!vtple;? , with j;etorenoes to the 

> -o. ^ .us 1.. X. 1, J ^ and 6? 

a) sm a mags 
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Figure 3 slnows s Rarf>an spectruss of the produat o£ l-xampi^© $; 
Fi<)ur-:;; 4 shows the product of Bxataple 3i 




Fi9'.3re S i'h-^<A\s the pzoaucu of £Aar,pIe 4. 
App aratu s 

10 The apparatus XO used la ExaTr;ples 1, 3, •* arid iior tri'L' 
growth of carbon nanotufees is sho^T. in Figure 1 . 'Ihs 
apparatus IQ comprises sources of argon la, acetylene 3.4, 
kydrogen and methane 18, connected to £lo^ meters 20, 02, 
24 and 26 respectively. Supply pipes 23, 30, 32 arjcl 34 lead 

%5 from soiirces 12, li, X§ and X3 into a drying containsr 3S 
dontMnlng: caiciunj elilori QUtlet 38 of the drying 

container 36 is connected to a horizontal furnace 40 with 
heating elsmexifca 42, 44. Catalyst 46 contained in an alumina 
crucible 48 is positioned in the furnace 40 aligned with the 

20 heat5T,5 olernent 44, The outlet SO of the furnace passes 
througrs a paraffin bubbler 52 and a beaker 54 containing 
activated carbon, 

25 Figure 1 2B Liyod, \chercAn the furnace 40 .U-^ rep: a ,x:d by a 
cpg^rta tube (not ahQwn) . 



U ■! ' I *3f"0 p-^vder {rujrsed. -iX^^xcB. frr-sa A:drxch. Ci05Us^<.l 

Cc ipfx, i- x^arc oir^-'-i ZO^^ '"''^jJ placed ^r, a XlawsK. Tc 
t-L ^ V, £- i - a a^j^ous nici;il foj-^vaL^i x IJ ' 

li- :-:=5.-''d ^ I -iorta orr- 

perfv.rmed us3.n'jj -an argon- Tr.sthar.e <at--o-r ^ I vxi _ 
msthat:e) ^lih a total ga:S tlo:^ r&to o„ 400 nl/juv-r^'- 1 
te3tiperA:^ure wa. BSC Ji^'-er 30 mi::u!-eg tne products 

char act er1ss*d b^^- scarrxno electrcss o'^copy (SSM) , hi^h 
is reaoluta on transirission electron TicroscopY iHRTEM; , .xd 

l?afflai s-iectroscoyy . Fiqt^re 2 s}i0^v's nhe ic^EM and hRT"^M inag>»>j 
of the nanotubsB. The nanot ib^*! wer^ cXoan, pura 

about 1,0 nnr* "1^ rar<.txib«,s w>e miniy xxi Iht, fonn of 




Exatnple a 



beakei;. To tlris v.'£iy ad;;^"^ n... aquaaus ri.-.cke'! f ornate {1.0?3 
X 10"" M5 . The xuixture vvas sr.rongXy stirred ?.5t roon'; 
tetnperature for 30 rdlnutes , follo'^-ed by rurtiier sui>;;.-J.i;g 3t 
higher tempsrattxre {.90 *C) for abotit SO hours to dry r.h« 
30 sample. The vr.etal loadir3.g in ths prepared sarsple >jas 3.2 wt% 
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relative to the silica support. For nanotube growth, 2€.i9 
xttQ of the sample was placed in the centre o£ a quarts cube 
preheated to QBO *C under argoK atmosphere. Iv^etbarie was then 
is'rjiediately inti-oduced iXtl argon to methane volvsme ratio, 
5 total flow rats of 4 00 nQ/Tniii) to iiiitiatis th& Jianotube 
growth. After 30 minutes of reaction, S5.37 mg of product 
was obtained. Havtissi 3pectros;::opy indicaced that the 
aanot-ubes >N''es:e single -v<.'-alled and ffionod asperse (Figure 3) - 
The yield c-f the carbon Banotube© v?as 4-7 ^, based on the 

where t is niase of the cataJ.yst pov?der aftsr growth 

is mass of the catalyst powder aft-ar heating 
under identioal conditions as for nanotuba growth, 
is except tlmt no taethane ±& iaferoducad* 

2Q T£^g Biliea fine powder (fussed silica from ^ldri«h Shemieal 
30 CoTispany, surface area 280 mVs) was placed in a flaskv To 
this %ifas added 1,5 ml aqueous nickel fors^te {3.S x 10'^ M) . 
The mixture was strongly stirre-d at roovft tesrperature for 30 
nUnutea, then dried in an o^'er at 90 for IS hours. The 
prepared sample contairisd 1.7 wt% nickel ioadirsq re'.Ut:5vs to 
SB the wliica .■support. The sample waa ground geiitly by tatid vn 
iin no:£tar to p.c;oduce a unlforffi powde.K bef.cre 

crucible 4S .for iiie g.rowl:h of CKTs . Th^;; grc v.'v.]^ cf. C::^;Xs was 
perfoisaed at SSO for €0 mirmtes using art si^etylene and 
.3D ^rgon sjlxture {iclD acetylene to argoii) , The total gas flo%? 



rate was 220 ml/iainute<. The products ■wsre cb.aracfc€risse<3 by 
SEM and HRl'^t:^t, Figure 4 showa SBM and HRTBM images of the 
WimTs produced.. The diajssters of the naisotubes produced wsre 
tyrxically about: 10 njs. 

S 

WVkjti hydzogen ;5;S;:i r-r;-. io of airoon to hydrog^-n to acer.yl<=.;iii; , 
total flow rate of asOrfilmisi) was added co the gas scream ot 
10 Example 3 during grovth, high yi«-^-<^i« umTa were obtained 
(Figure 4) > The dlametera ox the nanot^foess vfigre: f oiind to 
inerease to about 22 nm. 

IS 

!?ickeX 33 carfoonyl cluBter is -prepared txcm. smllm- cluscsrs 
by rea.cfe.ion in base ok with a moleeular tsssplate. For 
example, -nickel 3-8 earteonyl cluster is prepared from niokel 
tetracarbonyl via nicksl 6 earbonyl cluster as follows, 

20 Mcfcel tetracarboayl (S xol) asd potassium hydroxide (13 g) in 
methanol we.re stirred for 24 h under nitrogen. The resulting 
deep red sua;p;;:.ci3iors. was evaporated under vacuum and the 
residue v/as dis^clved in water. Upon addition of solid 
potassiuir. bronvlde (20 g) and fu>.i.be.r evaporaciori ur^d-r vacuum 

25 to elin\i.ii^^te traces oi; ir.ethenr.- 1 , red ■•iucrocrysv.al:^; or 

iNis !CG) isJ .xH;>0 (nickel € carbonyi cluster) were obtained. 
?o synthesis^ nickel 3S cluster, nickel 6 carboir/1 cluster is 
treated with either plaj:inum (II) chloride or K,PtCl. in 1;1 
rsolar ratio in noetonitrile. The K^i-sPt.^ carbonyl olu.yf:..-r 



salt car fiep,=5rated from impuritisa as 
differential solubility in t,he solvent. 



Ci^'-^jL ^ v^ci V, j'' ' ^ c „n £1 fc« f 

U ^ u \ l*^ V ! > \ ' = o >- 

'^^e-r ^ „ „ lO' I ^x5v> o V. 3 ^- 

rruc-hXe 48 tor tnc crc^Li o« CXTs „> ' U OTs is 

partorined t^&.^ng axgo ^ mOv^v v a.tn<os '^he->'o { . a^^ to 
mcth<»r.e^ a total gac ^low ^ •^'^ 4)0 i\l/"i'n^ tf» Thf* 

reiSoXutiOi' ^rc "s^i «!vi.on electron Tric:^orcop> '^-^i'^ZXi^ ano 

I'he oae step process of the 'iSxa^les is simple and 
cb.ea,p. The costsisiations of precursor and support particlss 
used are particularly effecbive at. producing high yields of 
purs nanotubes* 

adsorbed ovu:o the surface of the .sapport. particles. At. hiqrx 
temperatures the transition n^efcal salt precursor of E.xa?nples 



1 to 4 r 'erx^'jl-vi dec crpcJS0s to p-^odure ^1 r;*^o^v^i^.cl'=*s 
1 - " B?r u^STe*:®:- a^^d gas> o side prcducr.^ , Tv-t h 
nanopt.£tic:L=>{< are c'-e-sxcalty wry activra a.'d aci^e a 

pre„'ai< ^ ^ ^"^~c=' Ov Ir^- « J>r the s^jxiacs and necj^i.-tj 

a^M^ e ^ ^ ^ . - 1 or 

or a sncvt^- suriCvXe or. t.v%1 r=5 ri.-^.ev" -^cbil^, 

ex c»psui«atcd v-ancrsr.,^cics terc; be ioxmod, prcbab'.y 
depending? o>-^ the ax£.e difference focuweon the catalyst and the 

su^Bcrate «nJ ^--ata vst: r„^rcu■"'S rar<. tuoc jjro'Wt:-'. Ten ^t^t^^^-es 
\s.nach too b^L-qh j^oad tc overroatixi^ and 5, rrta;cT:icri of 
mu:ti wa"! rarbon r.ancti.bes ranofibres <r vax>our grown 
oarbon fibres. Xn, th«> procGSbes of the cxvwylt.s thexe isi. no 
*^.>ed for addi.t-v.onal >oAt treatment nl-at v.'an qiw ^ se. to 

X o i-'uCv-^.-*: the ir.vei-.fcaon af^ a^^l-aatxated above ha>'? 



prsicursors from tran«.3.tioa tsistal carbonyl salts. Ths tise of 
vratsr rather than organic solvents has cost and environ^rssntal 
benefits. Thirdly, the precursors of Exacnples 1 to 4 a.r«? 
particularly «asy to handle and to Introduce onto the 
5 substrats a result- of their solubility in water, 

stabilir//, low volatility, low cost and low toxicity. By 
con^pari s=!on , ccr-vex-J; iora^ pr?c\ , , :rh as nickel 

Tlie process of. Exarnple S has acv-5nCaoe i:hac each 
10 transit ioa ra&l-.al aarbonyl ciiisi-er fcr^air a nx^tal nanopoii-tlcle 
oS. defirsed s:,u.-^. Th:.-; rwes ,>r;, i;T:ai ■..■oiA.roV. over nanotu-be 
diar,eter and n-.3y allow chirality coni-.ro:; , 

The procss?s of the Examples can be iiaed to produca high- 
guaXity, high yield SWa^Ts on an industrial scale. The 
IS process tray foe scaled up in a nurfuaer of 'ways. For example, a 
b«d of supported catalyst may be fluidised using suitable 
carbon- containing gas and reacted product collected by 
e3.ution diie to its reduaed effectivs density , whilst £resh 
suppo^rtsd catalyst precursor is contirmQasly added. 
Alternatively, the snppo^-ted catalyst precursor may be 
ijitroduced to the top of a rotating, gently sloping 
cylindrical furx^ace tube and allowed to travel do^^ra the 
lanqth of the heated furiiace under a suitable atsrsoaphere, 
growifio na!iO^:xibc:-:= during the well -defined transit tira- , The 
25 c-fr;«,l.i of che aa£v/i:une;=: , in tevms of diaaieter, .lengrji, ratio 

c.-.;al.t.ol] s.nq the catalyst loading, dispciislon Xevei 
supports and the CVD growth parameters. 



Although the invention has? bssn described wit:?! refsrenc^ 
to the Exa«iples, it will be apprecxafcsd that various 
modifications are poasible within the scope of th« iiivsiitioru 
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1, A irsethod oi: production, of carbon nanoparticles, 
coJTsprislng the step?s of; 

coT!\pound wlij.ch is? decomposable to yield tiie transition 
n-iecai und-sr conditions permitting carbon nanoparticle 

contacting a gs^&eom carbon source ^/fxfh the substrate 
particles r 

befor®, during or after ssid cont-actnnr? stsp. 
decoKtposing the transition uietal compound to yield the 
trStasition matai m th^ aufesitrate partiql.es; 
forns-ing carbon nanoparticles by decornposition of the 
carbon source catalysed by tha transition Hiatal; 
and 

dbileeting tfee oarbon :na»opartic3:eB: forr^^ed . 

2:, 1: isethod as claimed in Claim wherein th^ transition 
taet-al compound is a transition metal salt, 

3, ^r.ftthod iu-; claimed in Clains 2, wharein tha transition 
;^\er.cir; salt- Is a transit iorx fsietal fox-TRate or oxalate, 

4, A 5i!-:?thod a$ clain\ed in Claim 1 or Claim 2, therein ths 
tra.na.it ior- metal cosnpound is a transition aietai 
oarbon;^!.- 



A ^thod as ciaivaed in CXalTu 4, wherein the transition 
metal coiripo-und a muiti metal atora transition metal 
carteOTJy 1 « 



. any on® of tbe preceding ci.. 



v?b^3:e3x l^-o c:«.^<^cus caibor. source is a hyaroca-foon or 
carbon tnonoxiat; . 

S ,. A isethod as clairfisd ia Cl&im 1> where is^ che gasscvuis 
qarbon source Is meth^ss© or :.acet5?lea&, 

?v A method as claimed in. any one of the preceding claitaSr- 
whereia the gaseous carbon source i^ passed over the 
stabstrate paxfelclea v 

10. A method as claitned in any one of the preceding claiTV^^, 
therein the gaseoiJS carbon source is mixed with a 



ai.A as iil&imd i» Claims Xp, wherein tJie: Mlmnt is 

vs'herein the ssubstraie parliicles coinpxaye oxidfc particles 
aiui/or silicate particles. 
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15. A tret boa a.. oJdijn%-d CZb.xk tj, wLee^'-n t & xb=:t'>-«* t- 

caXcium oxids or magnssxxim ojcxde. 

S 14 A method ai» vJlaifaea m €xn/ are of the x^re^eda^ig c'a^ns, 
wherein thi; sabs^^rate pa^txcies srs xjn tne form of a 
fujTseJ ^ov<d< r-^ a rollo-sa, a or vAJ aerogel. 

10 where - ^ .c i, ffr-tal :ronpr\;>i 

heatxng. 

16, A ne^j oa <- n ^ clo. > ,,<h*>-«\" - > 

tnets», ^onpix'd af5C-S3B?o«ed by heating wO W3,«„v.rc 
IB ;:between 2.0:0: «e and loeo^e, 

itjGthod a«t v-'a-.med xn Cla«,Tri 16, vihtxci" vhi, transition 
^otaX ccsnpound ^ss dccjtRposed by ' eatipg to a l.,'mp«>ral.. 
between mo *e and lOQO '^G;. 

20 

ic ^ !i "-^ -^ci as c3a"PS'*=*d in apy one o*" the preood-ircj c'si^ts? 
25 . e..? r tr.e Cv.xrbor raaotubes ax-e «inal® walked carbo ^ 

nanotubss « 

rxy„;-.od oiiv riaiis^eii in. any (. or "■■^ir nre -^^-^lu^i^ 
further cofr>priy5r:g i-,he j.rut1.^J sr.ep cl .riapi,sqr;ar,i;>^j r;K; 
30 substrate particles with the cransir,ion mstai compound. 
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21. A mschod as clairued in any one of the precedirig clainis, 
wher® the mefehod is: coiitiimous. 



5 22. A n-echod lu-; ] .5 r;;.:?^. ir, riair: 21 ^ coji^prj.sing the steps of: 
contin'uousJ^y crov-i a^iig sur.isr,rate particles ; 
fluidxwirKj substrate particles x<fith a Slow of gaseous 
carbou source; 

heating thi? transitiori metal compound on the substrate 
10 partioles; and 

doileeting jibe caarbon rianopsErticles rorTRed by elution. 

t3,A tnefchod as clalmad in Claim 21, coHjprising the stsps o^j 
coutlBiioy-sly prGviding substrate particles to an upper 
15 psixt of an inellned surface; 

sontacting ths ©-ubsstrste parfcicXee on: the: incliried 
surface with a flow: of gaseous carbon source ; 
heating telie tr.axisition metal compound on the :s.ab:st3rate 
particles J and 

20 collecting c&rhon nanoparticXes formed froTu a loisfer part 

of the inclined Si:urf ace* 

24 -A snethod of production of carbon nanoparticles , 

contacting a gaseous carbon source with fcha subBcrats 



w&mmsmm 
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psrtjisSiesj arid ooiX^ctlri^ tfes carboii ^6aBd|>arteibl-es 

25. A tnetliod as claxtsed Iji Claisg 24, whereia the transition 
metal oxalate, formate or muiti taetal atom cai-boayl is 
nickel formate ar»d th^ stibstrate. particles are silica 

26, Carbon ijanoparf :i cl torfned by a method as claljssd in 
any one of the preceding ciaiitss. 
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